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(OXG-RCBH) as the trivial name of this new enzyme.
EXPERIMENTAL PROCEDURES Organism
Geotrichum sp. M128 was isolated from soil in Tsukuba (Japan) and deposited in the International Patent Organism Depositary (IPOD), National Institute of Advanced Industrial Science and Technology (AIST), Japan, under number FERM P-16454.
Enzymatic activity assay of Geotrichum sp. M128 culture supernatant Enzymatic activity was assayed by normal phase HPLC. Geotrichum sp. M128 culture supernatant was incubated with 1% oligoxyloglucan heptasaccharide, XXXG prepared using a previously described method (12) . Then, 10 µl of reaction mixture was loaded on a TSKgel Amide 80 column (TOSOH Co., Tokyo, Japan), and eluted with 58% acetonitrile (isocratic) at a flow rate of 0.6 ml/min, to analyze the degradation products.
Product structures were analyzed by matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) mass spectrometry and 13 C nuclear magnetic resonance (NMR) by guest on http://www.jbc.org/ Downloaded from 6 spectroscopy. MALDI-TOF mass spectra were recorded using a Kompact MALDI IV instrument (Shimadzu Co., Kyoto, Japan), according to previously described methods (13) .
NMR spectra were obtained with a JNM-GX270 (JEOL, Ltd., Tokyo, Japan) at 68.5 MHz in the SGBCM mode, with complete proton decoupling at 24.5˚C, using D 2 O as solvent in a 0.5-cm i.d tube. Chemical shifts were reported as δ (ppm) relative to the resonance of sodium 4,4-dimethyl-4-silopentano-1-sulphonate (DDS), which was used as an internal standard (δ=0). The spectral width was 200 ppm.
Purification of OXG-RCBH from Geotrichum sp. M128
Geotrichum sp. M128 was cultivated in 4-L cultures consisting of 0.8% xyloglucan from Tamarindus indica (Glyloid, Dainippon Pharmaceutical, Osaka, Japan), 0.8% bactopeptone, 0.2% KH 2 PO 4 , 0.05% MgSO 4 , and 0.05% yeast extract, pH 6.0, at 30˚C for six days. Cells were removed by centrifugation and the broth supernatant was concentrated by ultrafiltration. The concentrated supernatant was diluted with 25 mM imidazole-HCl buffer, pH 7.4, and loaded on a chromato-focusing column containing polybuffer exchanger, PBE 94 (Amersham Pharmacia), equilibrated with 25 mM imidazole-HCl buffer, pH 7.4, and then eluted with a linear gradient of NaCl (0-0.5 M). Each separated fraction was assayed 7 for XXXG hydrolysis activity by the Nelson-Somogyi method (14-16). The active fractions were pooled and then applied to the same column with a pH gradient using Polybuffer 74 (Amersham Pharmacia). The active fractions were gel filtrated twice with a HW55F column (TOSOH). The final active fraction was subjected to SDS-PAGE.
Identification of optimum pH, temperature, and stability
Mcllvaine buffer solutions (pH 2.5-9.0), prepared from 0.2 M disodium hydrogen phosphate and 0.1 M citric acid, were used to identify the optimum pH and determine pH stability. Optimum pH was examined by incubation with oligoxyloglucan heptasaccharide, XXXG at 45˚C, for 30 min in Mcllvaine buffer solutions. The pH stability was assayed by incubating the enzyme, in the absence of substrate, at 45˚C for 30 min in buffer solutions.
Then, the buffer solutions were adjusted to pH 4.0, and the remaining activity was assayed.
The optimum temperature was determined by incubation in 50 mM sodium acetate (pH 4.0)
at various temperatures. To analyze thermostability, the enzyme was incubated in the same buffer, without substrate, for 10 min at various temperatures. Then, the remaining activity was assayed at 45˚C.
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Substrate specificity of OXG-RCBH The substrate specificity of purified OXG-RCBH was analyzed with various, welldefined xyloglucan oligosaccharide structures prepared from tamarind seed, using previously described methods (17) . The resulting products were analyzed by normal phase HPLC.
N-terminal and internal amino acid sequence analysis
The purified protein was separated by SDS-PAGE and transferred from the gel onto a PVDF membrane filter (Millipore) in transfer buffer (10 mM CAPS pH 11, 10% methanol). The amino acid sequence was determined by automatic sequential Edman degradation using a Procise 494 HT Protein Sequencing System (Applied Biosystems). To determine internal amino acid sequences, the purified protein was digested with lysylendopeptidase (Wako Pure Chemical Industries, Ltd., Osaka, Japan). The resulting peptide fragments were fractionated by reverse phase HPLC on a TSKgel ODS-80Ts QA column (TOSOH), and their N-terminal amino acid sequences were analyzed. cDNA preparation Geotrichum sp. M128 total RNA was obtained from 3 ml of culture using a
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FastRNA Kit-RED (BIO 101). The mRNA was prepared with an oligo dT column using a 
RESULTS and DISCUSSION
Enzyme activity in Geotrichum sp. M128 culture supernatant
Oligoxyloglucan heptasaccharide, XXXG was incubated with Geotrichum sp.
M128 culture supernatant and the reaction products were separated by normal phase HPLC (Fig. 1B) . Two products ('a' and 'b') were observed, and MALDI-TOF mass and 13 C NMR were used to identify their structures. The MALDI-TOF mass spectrum of the reaction products revealed the presence of two main components with m/z 497 and m/z 629, indicating that products 'a' and 'b' were trisaccharide, XG and tetrasaccharide, XX, respectively (Fig. 1D) . The results of further structural analysis with 13 C NMR are shown in Fig. 2 . The anomeric carbon chemical shifts were compared with those of xyloglucan oligosaccharides shown in (18) . The results suggested that product 'a' was trisaccharide, XG ( Fig. 2A) . Although XX dose data was not available in (18) , it seemed reasonable to 12 conclude that product 'b' was tetrasaccharide, XX (Fig. 2B) . These results suggest that Geotrichum sp. M128 produced a glycosyl hydrolase (OXG-RCBH in this study) that hydrolyzed XXXG to produce XX and XG in the culture supernatant.
Purification of OXG-RCBH OXG-RCBH activity was observed in Geotrichum sp. M128 culture supernatant,
indicating that it was expressed as a secreted protein in culture supernatant. Then, OXG-RCBH was purified from the culture supernatant by liquid chromatography (Table I) . Each separated fraction was assayed for XXXG hydrolysis activity. Throughout these steps, enzymatic activity always appeared as a single peak. The final purified fraction had a XXXG hydrolysis activity of 15.31units/mg protein (Table I ). This fraction was subjected to SDS-PAGE, revealing a single 97-kDa band (Fig. 3) . Chromato-focusing showed that its PI was 6.1 (data not shown).
Identification of optimum pH, temperature, and stability Table II . OXG-RCBH had very unique substrate specificity; the results indicated that it was an exoglucanase that recognized the structure of the reducing end of oligoxyloglucan, and released the two glucosyl main-chain residues (GG, XG, or LG). When there were less than three Glc residues on the main chain, activity decreased significantly, suggesting that OXG-RCBH has at least four subsites (-2 to +2). It was very important that the reducing end of the Glc residue (site +2) was unbranched. No OXG-RCBH activity was seen toward substrates with reducing ends branched with Xyl residues. It was also important that the third Glc residue from the reducing end (site -1) was The deduced amino acid shows about 31% to 37% identity with several proteins in glycoside hydrolase family 74 (GH74) (21-26) (Fig. 6 ), indicating that OXG-RCBH can be classified in this family. The functions of most of the enzymes in this family are unknown.
Aspergillus aculeatus avicelase III (GenBank AB015511) was proposed as an exoglucanase, but functional analysis has not yet been conducted. Aspergillus niger EglC has been analyzed, and it was reported that it exhibits endoglucanase activity towards azo-CMC, AZCL-cellulose, CMC, ß-glucan, and xyloglucan (26) . On the other hand, OXG-RCBH had exoglucanase activity, recognized the reducing end of oligoxyloglucan, and produced two glucosyl residue segments, as described above. This action is similar to that of Trichoderma reesei cellobiohydrolase I (27) , which cleaved cellulose at the reducing end to produce cellobiose. However, no sequence similarity was observed between these proteins.
Expression of OXG-RCBH in E. coli
To demonstrate that the protein encoded by the cloned cDNA had enzymatic (Fig. 7, lane 5) . Under the conditions we tested, recombinant OXG-RCBH was expressed as an insoluble inclusion body ( Fig. 7 lane 7) , like many other enzymes. Even when induction conditions were changed (e.g., induction temperature of 20˚C and IPTG concentration of 0.1 mM, or different host cell strain), no OXG-RCBH activity was observed in the soluble fraction (data not shown). Then, we tried to renature the recombinant OXG-RCBH. Purified inclusion body (Fig. 7, lane 8) was solubilized in 8 M urea and renatured by dialysis. Using this procedure, renaturation was successful and an enzymatically active recombinant OXG-RCBH was obtained (11.60 units/mg protein). The yield of refolded recombinant OXG-RCBH was more than 100 mg from 1 L of culture. Testing the effect of pH and temperature on recombinant OXG-RCBH revealed that they were very close to those of native OXG-RCBH. Therefore, the recombinant OXG-RCBH found in this study will be useful for further analyses, such as studies of molecular mechanisms of action, or structural analysis.
Conclusion
In this study, we described a novel oligoxyloglucan-specific ß-glycosidase, OXG-RCBH, from Geotrichum sp. M128 that was purified, characterized, cloned, and expressed in E. coli. OXG-RCBH recognized the reducing end of oligoxyloglucan, and produced two glucosyl residue segments. Although several β-1,4-glucanases with specific activity toward Streptomyces coelicolor A3(2) ORF SC5C7.30c, putative secreted cellulase, AL031515;
Geotrichum sp. M128 OXG-RCBH (this study). 
